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INTRODUCTION 


An ectomycorrhiza is characterized as a root/fungus association in which 
the fungus grows as a mantle on the surface of the root and penetrates the 
cortex intercellularly to produce a network known as the Hartig net. In some 
otherwise ectomycorrhizal infections, persistent intracellular infections 
occur in the cortical cells and the composite organ is then characterized as 
an ectendomycorrhiza. Despite the relative simplicity of their basic structure, 
ectomycorrhizae display a wide array of shapes, colors, and sizes depending on 
host and fungal species. Ectendomycorrhizae are somewhat less diverse in 
morphology. 


Purposes of morphological investigations most often fall into one of the 
four following categories: (1) to provide quantitative data on the ecological 
variability of the mycorrhizal condition; (2) to characterize definitely 
recognizable mycorrhizal types and to relate these to different species of 
fungal symbionts for taxonomic purposes; (3) to obtain physiological informa- 
tion on the morphogenetic effects of each symbiont on the other; and (4) to 
assess the mycorrhizal status of nursery stock and its effect on outplanting. 


Methodology in morphological investigations of ecto- and ectendomycor- 
rhizae can be divided into two separate but interrelated aspects: the siting 
and features of mycorrhizae in relation to the architecture and growth charac- 
teristics of the root system; and the detailed description of distinctive 
mycorrhizae sampled for anatomical study. Whether the emphasis is on one or 
the other of these approaches or on both depends upon the objectives of the 
investigator. 


RELATIONSHIPS OF MYCORRHIZAE TO THE ROOT SYSTEM 
Recognition of Modifications in Root Morphology Induced by Mycorrhizae 


Ecto- and ectendomycorrhizae develop from the mutualistic interaction 
between an active fungus and a developing feeder root of a woody plant. The 
characteristics of the resultant composite organ result from the morphogenetic 
effects of each partner on the other. Environmental factors affect the 
quantitative expression of the relationship, but the unique characteristics of 
the mycorrhizal organ itself result from the interaction of the two organisms. 
Since mycorrhizal activity involves terminal rootlets, a study of mycorrhizal 
development must focus on the characteristics of meristem behavior in these 
regions. However, recognition of the modifications induced by mycorrhizae 
requires knowledge of non-mycorrhizal root systems under favorable conditions 
or under common environmental stresses. 


Ectomycorrhizae begin to appear in many seedlings from one to three months 
after germination. The primary root or radicle can be invaded by some 
ectomycorrhizal fungi, but fewer mycorrhizae develop from it than subsequently 
from first, second, or higher order laterals. The initial root system, in form 
and habit of growth, is characteristic for each species, but is later altered 
by environmental conditions (29). Different species vary in the relative 
flexibility of their initial root habit, and also in their ability to form 
appreciable numbers of mycorrhizae during the first year. 
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It can be generalized that most mycorrhizal root systems show two classes 
of roots distinguishable at a glance as short or small diameter "feeder" roots 
which are ephemeral, and long and more prominent skeletal roots which form the 
framework of the root system (30, 31). Mycorrhizal fungi may colonize either 
type of root, converting short roots to recognizable forms of mycorrhizae but 
making less apparent modifications of long roots. 


Ectomycorrhizal Seedlings in Synthesis Cultures 


Objectives. -- Aseptically germinated seedlings of many woody plant species 
have been used in pure culture synthesis of mycorrhizae. Common objectives have 
been to determine the ability of a fungus to form ectomycorrhizae; to check the 
mycorrhizal specificity of a host species by testing various putative ectomycor- 
rhizal fungi; and to select the optimal ectomycorrhizal fungal species or strains 
for their ability to form large numbers of mycorrhizae or to promote seedling 
growth. The conditions necessary for successful formation of mycorrhizae in 
mycorrhizal synthesis experiments are discussed elsewhere (Chap. 11). 


Limitations. -- Although the morphological characteristics of synthesized 
ectomycorrhizae are frequently described, some objections have been raised 
regarding their validity. Mantle characteristics are most often questioned. 
Mantle color may be influenced by substrate pH and its thickness may be increased 
by excessive glucose concentration in the medium. The lengths of primary and 
first and second order long roots may also be affected by nutrient levels in the 
substrate and possibly by the accumulation of deleterious excretions. The 
characteristics of root colonization and mycorrhizal formation in first year 
seedlings may be different from that of older seedlings because ectomycorrhizal 
fungi ultimately adapt their colonization behavior to hierarchical relationships 
arising between the various branch orders. Since seedling growth is more or less 
continuous during the first year, it is not possible to study the relationships 
between patterns of ectomycorrhizal colonization and seasonal axial increments of 
root growth. It is rarely possible to prolong synthesis experiments for studies 
during a second or third growing season. Finally, ectomycorrhizal fungi which 
in nature invade older seedlings in a later successional sequence may either not 
produce ectomycorrhizae in aseptic synthesis during the first year or may develop 
mycorrhizae so late in the experiment as to lead to the unwarranted conclusion 
that they are not mycorrhizal or are of little consequence. 


Justifiable Uses. -- Mycorrhizal synthesis cultures are valuable for screen- 
ing fungi for their ability to form ectomycorrhizae (Chap. 11), and with suitable 
modifications can be used for morphogenetic studies. A modification which 
permits direct observation of the development of mycorrhizae and the patterns of 
rhizomorph and mantle formation has been used in the author's laboratory for 
several years. The procedure is described below. 


Special Method for Studying Patterns of Rhizomorph and Mantle Development. -- 
In this procedure the seedling root system is on filter paper in a large- 


diameter culture tube with a liquid nutrient medium. The seedling can either be 
completely within the culture tube, or the top can be freed to the air if there 

is a tight seal around the stem. A tube 32-35 mm in diameter and 300 mm in length, 
half filled with solution, is sufficient to permit 12-16 weeks of growth of a pine 
or spruce seedling placed in the tube at 2 weeks of age. Longer periods of 
observation are possible if the solution is replenished aseptically. Studies 

with Pinus resinosa Ait. have shown that many mycorrhizal fungi invade the primary 
root, and extensive mycorrhizae have been obtained with fungal species such as 
Pisolithus tinctorius (Pers.) Coker & Couch and Suillus subluteus (Pk.) Snell in 
Slipp & Snell in the relatively short interval of 12-16 weeks after inoculation. 
The pattern of developing mycorrhizae and the attendant rhizomorphs can be seen 

in Plate 6A. 
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The fungi anchor the root system to the filter paper, and at the conclusion 
of the study the filter paper can be removed and flattened in a pan of shallow 
water without disturbing the mantles, rhizomorphs, or spatial arrangement of the 
root system. In the case of Suillus, the use of vital stains in the water 
reveals a gossamer mycelial surface shrouding the long roots and arching outward 
over the emergent mycorrhizae. The immobilization of the root system and the 
enhancement of its two-dimensional aspect are advantageous for macrophotography. 
Samples of mycorrhizae can be removed along with portions of the filter paper 
and embedded for studies of undisturbed mantles using optical or electron micro- 
scopy. This tube system offers numerous possibilities for morphological studies 
of ectomycorrhizal development, particularly in relation to the colonizing 
behavior of particular fungi within the whole root system. 


Suitability of Tube Technique for Histochemical Studies of Mycorrhizal 
Organization. -- Histochemical techniques now exist for examining a variety of 
biochemical systems and their occurrence in tissues and cells, and it can be 
expected that these methods will be used to follow metabolic activities during 
the development of various ectomycorrhizal structures. The clean and relatively 
undisturbed ectomycorrhizal structures of the filter paper system are ideally 
suited for the various staining procedures, techniques of enzyme localization, 
and autoradiographic procedures which comprise the field of histochemistry (9). 


Histochemical studies of ectomycorrhizae have been made for starch and 
other polysaccharides (15, 27), phenolic compounds (14, 27), and polyphosphate 
granules (1, 13). These studies need to be extended to a greater number of 
species and related to the developmental features of the individual root systems. 
Additional types of histochemical studies doubtless merit investigation. 


Morphological Studies of Nursery Seedlings 


Limited Diversity of Ectomycorrhizae. —- In most coniferous nurseries, 
mycorrhizae develop spontaneously before the end of the first year following 
seeding. Initial delays in mycorrhizal formation, however, may cause a 
considerable percentage of short roots to escape infection the first season. 
During the second year mycorrhizal development proceeds rapidly and practically 
all short roots become mycorrhizal (12). Isolations of mycorrhizal fungi from 
coniferous nursery seedlings have shown that the ectomycorrhizae are formed by 
relatively few fungal species compared to the diversity found under natural 
forest conditions. Often sporophores of one or two Hymenomycetes are found in 
the second year nursery beds. A few other ectomycorrhizal fungi are present, 
but either do not fruit or produce inconspicuous fructifications. 


Ectendomycorrhizal Associations. -- In many forest nursery seedlings of 
Pinus and Larix a predominating mycorrhizal association exists which is 
distinguishable by a coarse intercellular net of large bulbous hyphae, a weak 
mantle, and persistent coarse intracellular hyphae which also occupy the 
cortical cells of the long roots (11, 24, 34). This so-called E-strain 
ectendomycorrhizal association of Mikola also occurs on other members of the 
Pinaceae, most notably Picea, but in these it forms only ectomycorrhizae and is 
therefore less readily detectable. Other ectendomycorrhizal associations also 
appear to be present. 


Anomalous Infections. -- Often neither the pioneering mycorrhizal species 
nor E-strain ectendomycorrhizal fungi are adequate to produce mycorrhizae on all 
the short roots of the seedlings. Uninvaded short roots may either undergo 
cortical collapse and early deterioration or be invaded intracellularly by non- 
mycorrhizal fungi. The root responds by the formation of tannins which fill the 
cortical cells or suberins which incrust their walls, destroying their function- 
ing ability (23). 
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Colonizing Behavior of Different Mycorrhizal Fungi. -- Morphological 
studies of nursery seedlings have provided valuable information on the differ- 
ences in colonizing behavior of different mycorrhizal species as well as details 
of their seasonal and successional behavior. Additional studies are needed to 
separate the effects on root development caused solely by fungi from the range 
of normal root behavior. It is increasingly evident that many anatomical 
features characteristically ascribed to fungal invasion are also found in un- 
infected root systems. The presence or absence of the Hartig net remains the 
most reliable index of mycorrhizal development; the presence of a fungal mantle 
is less reliable and seems to vary with root diameter and the status of fungal 
activity. Ectendomycorrhizae generally produce sparse mantles, but may form 
voluminous mantles on actively-growing coralloid mycorrhizal clusters. Much 
work remains to be done on the factors controlling short root formation and on 
factors controlling their conversion to mycorrhizae. 


Mycorrhizal Development in Relation to Seasonal and Intra-Seasonal Periods 
of Root Growth. -- Cycles of lateral root initiation and mycorrhizal development 
correspond to seasonal and environmentally induced periods of root growth 
activity. Particular attention should be directed to features of the long roots 
as well as those of short roots, remembering that often a continuum of root sizes 
exists and mycorrhizal fungi frequently adapt to the root branches with inter- 
mediate characteristics. Morphological study of mycorrhizal development must 
consider meristematic activity in both the mother root and in the short root 
which is undergoing transformation. This dictates the sampling of major 
hierarchical units such as major entire first order laterals with all their 
attendant long and short root branches. 


Methods of Sampling Nursery Seedlings. -- Ordinarily little difficulty is 
encountered in excavating intact root systems from nursery beds during the first 
year. However, two- and three-year-old seedlings are difficult to sample 
without considerable damage to the root system as well as the nursery bed. One 
expedient is to sample intact first order laterals from between nursery beds. 

A principal first order lateral is located by carefully removing the soil at the 
base of a border seedling to expose its attachment to the primary root. After 
severing the root at the point of attachment, a small pointed tool can be used 
to progressively uncover the distal portions of the lateral and all its 
ramifications. Such a sample preserves the important morphological features 
associated with branch order, seasonal axial increments of growth, zones of 
meristematic activity, patterns of mycorrhizal development, etc. This sampling 
procedure should be repeated at other positions along the nursery bed to 
determine variability. 


Time of Sampling. -- A detailed study of the development of mycorrhizal 
infection in seedlings requires sampling at frequent intervals. Laiho and 
Mikola (12) sampled nursery beds in Finland at weekly intervals during the first 
growing season and at two-week intervals during the second. Similar intervals 
are recommended for any initial study, but subsequent adjustments will probably 
need to be made, depending on the rhythms of seedling growth and the nature of 
the problems being investigated. If the investigator is interested only in the 
ultimate characteristics of fully-developed mycorrhizae and not their morpho- 
genesis, the best period for sampling is in the autumn after the main period of 
root growth is over and mycorrhizal development has progressed to the most 
terminal regions of the mother roots. 


Recording and Measurement of Morphological Features. -- Portions of root 
systems for study can either be photographed or photocopied (using the type of 
copier in which the specimen can be placed on a stationary sheet of glass rather 
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than revolved around a drum.) This provides a visual record of branching 
patterns and mycorrhizal features upon which can be recorded the portions of 
roots sampled for fungal isolation or anatomical study. 


The lengths and distribution patterns of second and higher order long root 
branches from an individual first order lateral frequently differ between 
ectomycorrhizal and ectendomycorrhizal infections. Extensive development of 
ectomycorrhizae may inhibit the elongation of long roots and transform probable 
long root primordia into mycorrhizae, whereas ectendomycorrhizal development 
appears to have little effect on lengths and numbers of long roots. Because 
of these differing morphogenetic effects of mycorrhizal fungi, measurements of 
long root numbers and their individual or accumulative lengths may be germane 
to an assessment of the mycorrhizal condition, provided the infection is pre- 
dominately of one type. Also essential to this morphological assessment are 
observations of the general appearance of short roots and mycorrhizae, their 
distributions, and their relationship to meristematic regions (33). The 
distinction between ecto- and ectendomycorrhizae cannot be made without 
anatomical observations. In Pinus both types may produce similar appearing 
mycorrhizal clusters (Plate 5F,H). 


Clearing Roots for Studying Patterns of Fungal Colonization. -- Major 
root branches can be stored in formalin-acetic acid-alcohol (FAA) (10) and 


subsequently cleared for determining patterns of fungal colonization in the 
various branch orders, the presence of ecto- and ectendomycorrhizae (Plate 6G), 
and the position of the metacutized junction between successive axial increments 
of growth. Ectomycorrhizal root systems can be cleared with the procedures of 
Phillips and Hayman (26) for pigmented endomycorrhizal roots. For roots which do 
rot bleach adequately in hydrogen peroxide the procedures can be modified by 
moving the roots back and forth between the hydrogen peroxide and potassium 
hydroxide until bleached. i 


Ectomycorrhizae with thick mantles and Hartig nets are difficult to examine 
after clearing, but they can be teased apart with micro dissecting needles and 
individual macerated cells observed for details of shape patterns of Hartig net, 
and presence of any intracellular fungi (Plate 6H). 


Freehand and Microtome Study of Mycorrhizal Anatomy. -- Freehand transverse 
and longisections can be quickly prepared and mounted on a microscope slide in 
lactic acid or lactophenol with a trace of cotton blue to screen roots for 
ecto- or ectendomycorrhizal infections (Plate 6E,F). Terminal root portions of 
interest to the investigator can be processed by ordinary microtechnique pro- 
cedures (10) for anatomical study. Serial transverse and longitudinal sections 
can be stained for mycorrhizal details by the Conant quadruple stain (10) 

(Plate 6C,D) or the chlorazol black E and Pianese 111-B stain (35) (Plate 6B). 
The Conant stain is advantageous for handling large numbers of slides because 
once the timing has been determined it is unnecessary to examine individual 
slides during the processing. Unfortunately, clove oil used as the solvent 
throughout the schedule is costly. The combination of safranin, crystal violet, 
fast green, and gold orange in the Conant stain yields slides which are 
excellent for study purposes but do not photograph well with black and white 
panchromatic film. Chlorazol black E and Pianese 111-B requires more careful 
monitoring of slides during the staining operation but is less costly. The 
combination of chlorazol, malachite green, acid fuchsin, and Martius yellow 
yields slides which photograph well in black and white as well as color. 
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Morphological Studies of Roots from Forest Sites 


Multiformity of Ectomycorrhizae. -- The structural variations of ecto- 
mycorrhizae in nature have not been fully explored, yet it is clear that the 
morphological diversity and the number of fungal species involved are both 
vastly greater than in forest nurseries. Initially, morphological studies were 
concentrated on classifying ectomycorrhizae into recognizable types for studies 
of seasonal development, distribution, and functional life of terminal root 
apices in different forest stands of various forest species. More recently, 
morphological study has turned to the search for criteria for identifying the 
species of fungi involved in the various mycorrhizal associations. 


Techniques Used for Sampling Forest Ectomycorrhizae. -- The remarkable 
concentration of short root apices near the upper soil surface in northern 


coniferous forests has dictated the use of small sampling volumes to estimate 
mycorrhizal frequency. Mikola and Laiho (25) used a sampling tube of 2.5 cm 
diameter and sampled to a depth of 7 cm to study mycorrhizal relations in a 
northern spruce forest in Finland. Root density was highest in the middle of 
the humus layer with an average of 31 root tips per cm3. The mycorrhizae were 
classified into a few recognizable types based on a scheme originally proposed 
by Melin (22) and modified by Mikola and Laiho (25). 


The value of the soil tube method for sampling mycorrhizae rests on the 
fact that there are vastly more small-diameter root tips than large-diameter 
root tips in a volume of soil, and a very high proportion of small diameter tips 
are mycorrhizal. Improvements in the core sampling technique (16, 17, 18, 20) 
have gone hand-in-hand with the development of more sophisticated methods of 
classifying ectomycorrhizae. These later investigations have utilized the 
detailed classification scheme devised by Dominik (6, 21) in central Europe. 
Dominik's classification proposed artificial categories, or "generá," based 
on macroscopic and microscopic morphological features such as color, structure, 
surface characteristics of the mantle, etc. More will be said about this 
scheme in the final section of this paper. 


Developmental Studies of Ectomycorrhizae in Relation to Root Morphology. —- 
There are many morphological problems which require more than the characteriza- 
tion of mycorrhizal apices, and for such problems core samples may be inadequate. 
There are large numbers of fine roots which bear these mycorrhizae. Therefore 
the root sample must be long enough to distinguish the fine long roots from 
short roots (4, 7, 32). As mentioned in the discussion of nursery seedlings, 
emphasis on the qualitative changes which occur in the mycorrhizal apex may 
serve a classification purpose but does not reveal the effects of mycorrhizal 
colonization on the morphology of long roots nor the interrelationship between 
long and short root development. Also interrelationships between mycorrhizal 
development and the health of a forest stand are often revealed by study of the 
morphological features of the last several orders of root branching. The 
mortality of thin long roots and the accompanying death of young mycorrhizae 
are often features of unhealthy root systems (32). 


Knowledge of seasonal patterns of root growth activity and patterns of 
fungal colonization contributes to the understanding of mycorrhizal development, 
responses of mycorrhizae to various environmental influences, and competitive 
relationships between ectomycorrhizal fungal species. As important as the need 
for healthy mycorrhizae is the concomitant need for an adequate number of 
vigorous mother roots and subordinate mother roots. 
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Sampling of Major Hierarchical Units for Developmental Studies. -- Sampling 
procedures similar to those given for studying the infection in the root systems 
of nursery seedlings also apply to natural root systems. The sampling should 
consider major hierarchical units, but taken in the reverse direction, starting 
from the ultimate rootlets and working basipetally through successively earlier 
root branches. It is essential to obtain as many of the fine ultimate branches 
as possible in their natural positions in the last few orders of branching. The 
size and appearance of these functional units or "root boughs" (2) is determined 
by host species and environmental conditions. For example, in Pinus resinosa 
the three classes of long roots (pioneer, mother, and subordinate mother) may 
each show different features of mycorrhizal development (31). 


It is obvious that single roots and small root branch systems of mature 
trees should be excavated carefully by hand, using small-diameter tools. In 
some cases an old-fashioned ice pick may be the best tool. In mor soils with a 
definite layer of unincorporated humus, the developing mycorrhizae can often be 
seen in profusion merely by using fingers to scratch off the unconsolidated 01 
layer. A block of matted roots and mycorrhizae can be obtained by cutting four 
sides of a block with a shovel through the interlacing roots into the underlying 
soil layers. The block can be lifted out after severing a few small-diameter 
roots. The underlying decomposed humus layer often has a fine granular 
structure like fine sawdust, and practically all of it can be shaken out of the 
root mat, leaving the fine ramifications of the abundant network of roots 
practically clean (28). Where advance reproduction is present (volunteer 
seedlings in the forest understory), the uppermost first order laterals can often 
be pulled up in toto and shaken free of the adhering detritus. 


The above sampling procedure must be somewhat modified in sites where a 
mull has developed, or where (as is frequently the case) the humus relationship 
is intermediate, having the structure of crumb mull and an abnormally high humus 
content. Here superficial excavations should be made into the upper layers of 
the mineral soil (Al and A2) to uncover the small woody roots, which should be 
followed to their ultimate branchings. In this manner it is often possible to 
obtain smaller ascending laterals in their entirety. 


Preparation of Samples for Morphological Studies. -- These samples of 
aggregated groupings of ultimate root branches provide information on growth 
characteristics of the root system, including seasonal and intraseasonal growth 
increments, patterns of root replacement, unique characteristics of mycorrhizal 
patterns, etc. The roots should be placed in plastic bags with moist sphagnum 
for transport to the laboratory. After washing out, the roots should be examined 
under a dissecting microscope in a shallow dish of water and portions selected 
for study. Selected material can be photographed or photocopied and processed 
as discussed previously for the examination of nursery seedlings. 


Time of Sampling Forest Mycorrhizae. -- Similar considerations apply to 
the sampling of forest tree mycorrhizae as for nursery seedlings. All studies 
of the development and function of mycorrhizae should be coordinated with the 
seasonal growth activity of the root system. Most tree species have two peak 
periods of growth activity, one in the spring and the other in the late summer 
or early fall. Sampling should be frequent at these times and also in the autumn 
when root elongation slows and mycorrhizal development continues progressively 
closer to the meristematic regions of the larger diameter long roots. 


Morphological studies concerned primarily with the classification of 
ectomycorrhizae as discussed in the following section may be best served by 
autumn sampling periods. 
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DETAILED DESCRIPTIONS OF DISTINCTIVE MYCORRHIZAE 


Reasons for Detailed Anatomical Examination of Individual Mycorrhizae. -- 
Most investigations of the detailed anatomical characteristics of various 
distinct ecto- and ectendomycorrhizae are intended to reveal information for 
classification and identification purposes. The desire to identify as many 
tree-fungus associations as possible is motivated by taxonomic and ecological 
considerations, but such a classification system would also benefit physiol- 
ogists, pathologists, nursery managers, and others concerned with the benefits 
of mycorrhizae. 


Distinctive vs. Non-Distinctive Ectomycorrhizae. -- Those ectomycorrhizae 
which have been selected for detailed morphological investigation are the ones 


most conspicuous to the unaided eye and uniform in appearance. These traits 
suggest that these mycorrhizae belong to a uniform type produced by one or a 
small group of predominating fungi; and that this type, once described, will 
continue to catch the attention of researchers. The features which have 
rendered these mycorrhizae most conspicuous include a wide-range of characteris- 
tic colors, a frequent thickening, and an assortment of shapes and branch 
patterns. In Pinus they may fork dichotomously, and repeated forking may lead 
to coralloid or nodular structures (Plate 5E,F). In most other ectomycor- 
rhizal host species they are pinnately or racemosely branched. (Plate 5G). 


In addition to distinctive ectomycorrhizae, there are many inconspicuous 
ectomycorrhizae with the requisite fungal mantle and Hartig net, but which 
possess no characteristic color or shape. There appear to be large numbers of 
these nondescript ectomycorrhizae, which may be as beneficial to their host as 
their more flamboyant counterparts. It is unfortunate that so little attention 
is being given to the development and role of non-distinctive mycorrhizae. 


Qualitative Differences in Structure Between Mycorrhizae and Uninfected 
Roots. -- Caution must be exercised in the study of the anatomical features of 
presumptive mycorrhizal rootlets. Many of the mycorrhizal features reported 
earlier have been found to occur also in slow growing uninfected rootlets. A 
few bona fide qualitative structural differences exist between mycorrhizae and 
uninfected roots, and these are (1) a mantle of fungal tissue covering the root 
and penetrating centripetally between the cortical cells to form the Hartig net; 
and (2) radial enlargement of the cortical cells surrounded by the Hartig net. 
The lack of root hairs, limited root cap, and precocious vascular development 
found in ectomycorrhizae can also be found in uninfected short roots. 


Methods for Characterization of the Fungus Mantle and Hartig Net. -- 
Because of the few qualitative differences between mycorrhizal and uninfected 
roots, there are relatively few potential morphological criteria for disting- 
uishing mycorrhizal types. There is the appearance under the stereomicroscope, 
including general form or branching pattern, surface texture and color of the 
mantle, the presence or absence of rhizomophs, etc. Additional information on 
mantle, Hartig net, rhizomorphs, and mycelium characteristics is provided by 
microscopic examination of freehand and microtome sections. 


The stain combinations used by the author to study the above features were 
discussed earlier. Other stain combinations which have often been used for 
prepared sections are orseillin BB and crystal violet (5, 22), safranin and fast 
green (10), and Cartwright's picro aniline blue (8, 19). 


Dominik's Scheme for the Generalized Classification of Ectomycorrhizae. -- 
Mention has been made of the classification scheme of Dominik (6) which creates 
mycorrhizal form genera based primarily on color and structure of the fungus 
mantle. This scheme has been used extensively by Australian and European workers. 
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However, increasing dissatisfaction has arisen with its use because of difficul- 
ties in applying the color criteria, and because the artificial "genera" are 

not referrable to natural classifications of either the fungus or its host. A 
more complete critique of Dominik's key appears in an article by Zak (38). 


Characterization of Distinctive Ectomycorrhizae for Particular Host Species. 
-- Several less inclusive classification schemes have been devised by various 
workers to characterize distinctive ectomycorrhizae for particular host species. 
These efforts, each restricted to one or two closely related host species, are 
more likely to designate mycorrhizal types that either lead to a single fungal 
species or to a group of closely related species. Zak also reviewed these 
restricted classification schemes and discussed some of the principles necessary 
for successful characterization and identification of ectomycorrhizae (38). He 
tabulates the features most likely to be useful for the construction of practical 
keys to identify ectomycorrhizae and their associated fungi, and notes that the 
first satisfactory keys will probably be constructed for individual tree species 
and for specific habitats. 


The best examples of sound morphological descriptions of ectomycorrhizae 
are those of Chilvers (3) for Eucalyptus and Zak (36, 37) for Pseudotsuga 
menziesii. Chilvers surveyed mycorrhizal types over several years and restricted 
their selection to the eight most distinctive and common types, these all 
differing according to several easily recognizable criteria of low variability. 
The Pseudotsuga mycorrhizae characterized and classified by Zak were distinctive 
in appearance and the fungi were identified from associated sporocarps. Both 
authors have presented photographs or drawings to illustrate the important 
details described for each distinct ectomycorrhiza. The descriptions are based 
on stable macroscopic and microscopic characteristics and on color reactions to 
chemical treatments. Although the papers of Chilvers and Zak provide an 
important starting point for new investigations, new criteria will arise, some 
fortuitously and others through necessity. 


Research Needs and Possibilities. -- Morphological investigations of 
distinctive ectomycorrhizae and identifications of fungal symbionts are valuable, 
but constitute only a partial attack on the problem of ectomycorrhizal 
development. For the very common but non-distinctive mycorrhizae it may be 
desirable to first isolate the mycorrhizal fungi and confirm their symbiotic 
nature in synthesis culture. Following recognition of the characteristics of 
these fungi, it might be possible to make a developmental and morphological 
study of their effects in nature. An understanding of mycorrhizal habit in non- 
distinctive fungi can only be obtained by a consideration of the root system as 
an entity. Specialized sampling procedures will have to be followed, similar 
to those presented earlier in this chapter. 
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